1. Introduction {#sec1}
===============

Investigation of the benefits of a total correction of blur over the central area of vision (e.g. 20°) constitute a challenge in the optical control of retinal images due to the inhomogeneity of the retinal image quality. Image quality is usually considered invariant with eccentricity within approximately 2° \[[@bib1]\], an area called the isoplanatic patch. Within this patch, a single deformable mirror, which uniformly corrects the entire field of view, can be used to project a high-resolution image onto the retina \[[@bib2]\]. Beyond this patch, however, ocular aberrations can vary strongly with field angle and angular positions \[[@bib3]\], depending on the retinal shape and the individual optics. Correction of aberrations over a larger retinal patch becomes thus more challenging, requiring the combination of several deformable mirrors and wavefront sensors \[[@bib4]\]. To date, there is no visual simulator capable of simultaneously stimulating distant regions across the macula, while controlling ocular aberrations. Because of the complex spatial distribution of aberrations, theoretically there are multiple solutions for correcting the overall eye blur if the optical correction is extended over a large visual field. In ophthalmic practice, however, only an isolated region of the visual field is corrected by optical corrections. The prioritization of foveal correction can often lead to arbitrary optical modifications \[[@bib5]\] in the peripheral visual field. One example is the unwanted peripheral blurs arising from progressive addition lens (PAL) design \[[@bib6]\].

The optical control of ocular aberration is not only problematic when enlarging the retinal extent of correction (i.e., simultaneously correcting different retinal locations), but also if simply simulating retinal blurs at different spatial locations simultaneously. While adaptive technology can increase the level of control of a visual correction, it usually shrinks the extent of the visual stimulation. This has encouraged utilization of the "source method" \[[@bib7]\] when manipulating blur over space \[[@bib8]\] or time \[[@bib9]\]. In fact, most visual simulators intended to test peripheral blur or control blur are designed for a small visual angle that does not allow simultaneous testing of the fovea and parafoveal regions, with a restriction on sequential testing \[[@bib10], [@bib11]\]. As a result, it is unknown to what extent visual perception is affected simultaneously by global blur at a given retinal location. Interestingly, both animal models \[[@bib12]\] and human studies \[[@bib13]\] show evidence of an impact of peripheral defocus on eye growth, suggesting a potential interaction over time between peripheral and foveal blurs. Although this process may not involve the brain \[[@bib14], [@bib15]\], to date, few studies have examined this interaction at the perceptual level \[[@bib16], [@bib17]\].

This study aimed to investigate whether stimuli at different retinal locations are affected by the spatially varying blur of the eye. Our hypothesis is that peripheral blurs can alter blur perception of the retinal image at different locations. Considering the residual peripheral aberration induced by optical corrections (e.g., IOLs, multifocal contact lenses), such contextual modulation may be important to predict blur perception, when correcting a local region of the retina, typically, the foveal or the preferred retinal locus. To test this hypothesis, a multiscale vision simulator (MVS) with an extended isoplanatic patch that minimizes the inhomogeneity of image quality along angular and radial positions of the visual field was developed, which could reduce the effect of the aberrations of the eye on individual retinal images allowing testing of the eye independent of the individual ocular aberrations, rather than to correct aberration. This was achieved by the projection of high-resolution (4K) images, which were viewed with an optical artificial pupil, the size of which was adjusted to provide a wide-angle, macular diffraction limited image. Using the MVS, natural ocular aberrations were minimized, and an image-processing blur was imposed on the eye allowing measurement of blur perception independent of individual ocular aberrations. The results show that the bothersome blur threshold at a given location could be affected by peripheral blurs. Thus, it is plausible that manipulation of peripheral blurs, purposedly or not, a refractive correction can vary blur perception at the location targeted by a correction (e.g., at the fovea), although further studies are required to elucidate the extent of those blur interactions and whether they can affect an optimal correction.

2. Methods {#sec2}
==========

2.1. Design and evaluation of the apparatus {#sec2.1}
-------------------------------------------

This system allows a simultaneous stimulation of blurs in foveal and extrafoveal locations across the varying spatial scales of retinal cells present along the macula. As shown in [Figure 1](#fig1){ref-type="fig"}, the MVS is comprised of two branches: a psychophysical branch; and an analyzing branch. An illumination arm projected an infrared light beam$pupil\ diameter\text{:}1mm,\ \lambda = 840nm \pm 50nm$) onto the eye using a superluminescent diode coupled to an optical fiber (Superlum, Ireland). Light reflected from the eye was directed to the analyzing branch comprising a wavefront sensor (HASO32, Imagine Eyes, France, 32 x 40 lenslets) and a pupil alignment control system. Image quality was monitored in real time (pupil size D = 1.35 mm, 15 Hz) by recording the on-axis wavefront errors of the subjects, and quantified by the root mean squared (RMS) wavefront errors. Throughout the test, the position of the pupil was adjusted by the experimenter by means of a pupil alignment camera using a three-dimensional translational stage fastened onto a chin-rest. A thin black ring (radius: 1.5°; thickness: 2 arcmin) was concomitantly displayed in the center of the display to assist subjects to maintain stable fixation without obstructing the central foveal zone. While the pupil position was monitored over time, a monochromatic green image ($\lambda = 550nm \pm 20nm$) generated by a light projector (DLA-X700R, JVC Inc.) was projected onto the eye via a long focal length lens-based telescope (retinal magnification: 0.5) to provide a diffraction-limited retinal image over a large visual angle (see section **B**). Equipped with JVC\'s e-shift technology \[[@bib18]\], the projection unit consists of three liquid crystal on silicon LCOS microdisplays (diagonal size: 0.7′) covering a full visual angle of approximately 27° × 15°, which together produced a pixel stimulus that was approximately the size of a foveal cone (i.e., 0.4arcmin°). Light uniformity was also tested using a CCD camera placed at the pupil and at the retina of an artificial eye. In order to minimize the aberrations of the eye plus system, an adjustable artificial pupil is conjugated to the eye pupil, which can be flexibly tuned to the requirements of the stimulation (i.e., viewing angle, resolution, and eye movements). To calibrate the system, light emitted by the projector at different eccentricities was measured by a wavefront sensor placed at the pupil plane of the eye.Figure 1Generalized one-dimensional schematic of the newly developed MVS showing both the projection of the multiscale image (in green) and the illumination, as well as the light detection pathway (in red) for ocular analysis and monitoring eye movement during the test. The monochromatic light path was controlled by using an adjustable artificial pupil, tuned to the visual angle selected. A key asset of the system is the high-resolution image projection that can stimulate the varying spatial scales of retinal cells present along the macula, such as foveal photoreceptors of a few microns width.Figure 1

2.2. Methodology for estimation of artificial pupil size in wide-angle testing {#sec2.2}
------------------------------------------------------------------------------

With free viewing display, the simulation of a retinal stimulus with different blurs is limited by variation of aberrations occurring over time, as well as the large inhomogeneities of blur across eccentricities and angular positions of the retina. To minimize these inhomogeneities and to achieve a wide-angle diffraction-limited image, a simple approach was employed to reduce the pupil diameter of the imagery via an artificial pupil. In spite of the large reduction of ocular aberrations, this approach could still be significantly affected by eye movements (as described in the simulation below), but the appropriate choice of an angular window of simulation is often unspecified in published reports. Thus, it was attempted to determine the optimal range of working pupil required to maintain a wide-angle diffraction-limited image under fixational eye movements. Fixational eye movements are usually split into three categories \[[@bib19]\], describing distinct motion dynamics: drifts, slow but large amplitude motions, which shift the position of the stimulus fixated onto the retina; microsaccades, a rapid, jerk-like movement (\>2--3 Hz), which corrects displacement due to drifts by displacing the image from a dozen of foveal photoreceptors; and tremor, a very fast (\~90Hz) but small amplitude (about diameter of foveal cone)movement. These movements create displacement of both the retinal images and pupil positions, which can modify on- and off-axis ocular aberrations.

The optical design software Zemax was utilized to build a wide-field average eye model and perform fixational eye movement analysis. Numerous schematic eye models exist to predict the ocular aberrations in the visual field of healthy eyes. In this study, the Navarro eye model \[[@bib20]\] was selected because it provides a basic and accurate anatomical description of the human eye to describe the field aberrations of an average eye. The Navarro eye model comprises four conic optical surfaces plus a spherical image surface describing the retina, which are separated by four refractive indices (including the cornea, aqueous, lens, vitreous). The wavelength was set at 550 nm and considered five retinal eccentricities (0, 2.5°, 4.25°, 9.25°), with eight angular field points per retinal eccentricity. In order to examine the isoplanaticity at different pupil sizes, ray tracing was performed for three retinal extents (radius: 0--2.5°), (radius: 0°--4.25°) and (radius: 0°--9.25°), delineated by foveal (2.5°), parafoveal (4.25°), and perifoveal outer edge (9.25°), respectively. Firstly, the ideal image quality achievable (in absence of eye misalignment) was calculated for various pupil diameters, ranging from 3mm to 1mm, by 0.5mm steps. The Strehl ratio of the worst point spread function (PSF) field over the entire selected field was used to determine whether the wide-angle image could be considered as diffraction-limited (peak PSF ≥0.8) over the full retinal extent tested. The results in [Figure 2](#fig2){ref-type="fig"} show that, over this range of pupil diameter, a wide-angle diffraction-limited image could be achieved for all the tested pupil sizes, provided that the eye did not move. Nevertheless, when the eye fixates on a target, involuntary eye movements can cause the light rays to deviate from an ideal trajectory, bringing changes in the total aberrations, as well as foveal aberration.Figure 2Simulated retinal image quality quantified by the Strehl ratio as a function of pupil diameter for various retinal extents. Dashed lines with small symbols correspond to the absence of fixational eye movements. In this condition, irrespective of pupil size, the diffraction-limit was achieved. The diffraction limit is indicated by the shaded area, which corresponds to a Strehl ratio of S \> 0.8. Large symbols correspond to the worst optical quality over the entire selected field predicted by a Monte-Carlo simulation when introducing small fixational eye movements. In this condition, image quality was severely reduced for larger pupils. Distinct regions in image quality appeared: (1) an isoplanatic patch covering regions within the parafovea where the diffraction-limit was maintained up to a pupil diameter of 1.5 mm; and (2) an isoplanatic patch covering regions within the perifovea, up to a pupil diameter of 1.35 mm. The double-headed arrows on the top right side point the range of pupil size for which the variation of image quality was negligible and not. The arrow color (red, green, blue) indicates the associated retinal extent (fovea, parafovea, perifovea).Figure 2

Monte-Carlo analysis was performed to compute the change in optical quality due to the misalignment of the eye \[[@bib21]\] caused by these eye movements. To simulate the eye movements likely to occur during the monitored visual simulation, a set of perturbations, including the tip/tilt of the eye, as well as radial decentering, were introduced into the wide-field eye model, randomly selected from a uniform number distribution. It was assumed that the amplitude of eye displacements would be smaller than 1.5mm (radial decentering: +/-0.75mm) and subjects' fixation to remain centered within a ring of approximately 0.7° in diameter (tip/tilt: +/-0.35°). Although eye movements may vary significantly between subjects and time conditions, the value assumed was much smaller than the mean pupil displacements of 40 ± 10 μm previously reported for healthy fixating eyes in the absence of manual adjustment of the pupil \[[@bib22]\]. A large set of 5,000 perturbations was simulated to cover the combinatorial perturbation susceptible to occur during the fixational eye movements assumed. After running the Monte-Carlo simulation, the worst-case scenario among the 5,000 eye model copies was extracted in order to estimate the largest optical/visual degradation that could occur under the eye displacements during visual simulation, and determine the pupil sizes required to maintain the limit of diffraction across all field positions. The RMS wavefront errors \[[@bib23]\] was chosen as a metric to provide an objective comparison of image quality between the distinct visual conditions, since it is insensitive to the variations of neural filtering with pupil and field positions. It is important to note that, unlike on-axis, there is no consensus on what is the best metric for describing the effect of aberrations on wide-angle visual performance. The Monte Carlo analysis in [Figure 2](#fig2){ref-type="fig"} shows that, while the anticipated diffraction-limited gain above a pupil diameter of 1.5 mm is contingent on small fixational eye movements, isoplanaticity is relatively well maintained at large visual angles via the use of smaller pupil size.

The spot diagrams of the retinal images over the visual field is shown in [Figure 3](#fig3){ref-type="fig"}A for both aligned and misaligned eyes. This observation indicates that pupil size adjustment not only constitutes a strategy to enhance image quality on axis, but also to achieve a diffraction limit over a wider spatial extent.Figure 3(A) Spot diagrams projected by the system at the retinal image plane of the eye across different retinal regions, highlighted by black isoeccentric rings, in the ideal (dark blue and red colors) and worst-case scenario (green and light blue colors) predicted by the Monte Carlo simulation. The black circles correspond to the first minimum of the Airy disk (radius: 6.5$\mu m$; D = 1.5 mm; $\lambda$ = 550 nm). Note that, for a pupil diameter of 1.5 mm, image quality remained diffraction-limited over a large part of the macula. (B) Modulation transfer function and (C) point spread function of the ideal and worst-case scenario at the perifovea corresponding to the worst optical quality over the entire field for our selected pupil (D = 1.35 mm).Figure 3

2.3. Optical performance using a pupil size of 1.35 mm {#sec2.3}
------------------------------------------------------

Based on this simulation, a visual angle of 15° was selected, and the artificial pupil set to a pupil diameter of 1.35 mm, which could allow testing of high resolution stimuli. As shown in [Fig 3](#fig3){ref-type="fig"}B and C, the highest resolvable feature was approximately 45 cycles/° (given the display sampling of three pixels per cycle), which is above the clarity of vision normally expected at 30cpd for 20/20 and largely beyond the range of contrast sensitivity of the human eye in extrafoveal location (eccentricity\>1.5--2°), as well as, the spatial frequency for which contrast sensitivity is maximal at the foveal center \[[@bib24], [@bib25]\].

Importantly, for most visual tasks in real life settings, high spatial frequencies above 30cpd are not used, as predicted by the range of contrast sensitivity in the human eye in foveal and extrafoveal regions. Therefore, the limitation of this reduced pupil approach can be considered minimal for simulating the visual effect of blurring. In addition, the use of a small diameter pupil of 1.35mm effectively reduced the aberration of the optical system and the eye. The maximum optical change for the telescopic system was an approximate 20 nm wavefront error rms over the full field of view in both horizontal and vertical directions, which corresponds to $\lambda/25$. In a pilot measurement (sample N = 5), after objective refraction, we found a mean RMS wavefront error across subjects of 0.072$\pm 0.02\mu$m, a value that is only slightly larger than the optical limit imposed by the Marechal criterion (lambda/14 = 0.06$\mu m$) for a diffraction-limited system. The temporal variation of image quality was small with a mean standard deviation of average RMS wavefront error of approximately 0.022$\pm 0.004\mu$m, across subjects for the approximately 10-min time period of the visual test. The fluctuation in Zernike defocus coefficient was only 0.018$\pm 0.004\mu$m. Most importantly, the image quality exhibited minor variations over the spatial positions of the display, with a mean standard deviation of average RMS wavefront error of approximately 0.010$\pm 0.005\mu$m, across the central (0°) and four cardinal (7.5°) locations of the display. Optical degradation was, therefore, considered sufficiently small for a comparison of digital blur images.

2.4. Experiment {#sec2.4}
---------------

### 2.4.1. Subjects {#sec2.4.1}

Five young trained subjects (20--35 years old) participated in the experiment. All observers were trained with psychophysical procedures and informed of the purpose of the experiments. The experimental procedures were approved by the Human Subjects Ethics Sub-committee of the university (HSEARS20170103001), and the research was conducted according to the principles expressed in the Declaration of Helsinki. Informed consent was obtained from each participant. The test was performed monocularly on the right eye. Given the small fluctuation of accommodation associated with targets monocularly viewed with a small pupil size and at far distance \[[@bib26]\], the administration of cycloplegic drugs on subject eyes was dispensed with. In order to optimize image quality, defocus was corrected on -axis via a Badal lens by instructing the participant to subjectively report the clarity of a Landolt C target of approximately 20 arcmin viewed with the artificial pupil chosen for the test.

### 2.4.2. Stimulus {#sec2.4.2}

The stimulus selected was a 4K binary noise having a sharp edge structure, as described in Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}. The full binary noises were depicted in color code, due to the difficulty in reproducing 4K blurred images (3840 x2160) in small print. The primary goal of the binary noise was to present a controllable stimulus that would broadly excite the photoreceptors and be free from the bias of natural images towards specific orientations, features, and regions. Previously used for assessing the visual effect of ocular aberration \[[@bib27], [@bib28], [@bib29], [@bib30]\], this stimulus is particularly useful for measuring small and subtle variations in blur. The binary noise stimulus was produced from a uniform noise distribution and filtered in the Fourier domain. The size and spatial scale of the stimulus were varied with eccentricity in order to roughly compensate for the change in the cortical magnification M of the retina in the visual cortex, using an approximate value of the human M \[[@bib31]\]. This compensation produces a wide-angle stimulus with a more natural appearance because it minimizes variations in perceived sharpness across eccentricity \[[@bib32]\].Figure 4Amplitude spectrum of the M-scaled binary noise calculated along one direction. The straight line is obtained by fitting the log amplitude versus log frequency with linear regression. The amplitude spectrum falls roughly as "1/F" on log--log axes with a slope of -2.01.Figure 4Figure 5Original (left side) and spatially-varying blurred (right side) images of the M-scaled binary noise stimulus. Note that the binary noise exhibits sharp edges, readily apparent when zooming on the high resolution image (2160 × 2160), but which may be less visible in the reproduction. The spatially-varying blurred images is a superposition of a set of M = 20 concentric annular blurred images (width = 0.375°) obtained by convolution of the binary image with M PSFs of varying levels of Zernike defocus (from 0D to 5D, by step of 0.05D), computed for a monochromatic light of 550nm and a 2-mm pupil diameter. The radial change in Zernike defocus magnitude of the binary noise annuli followed a sigmoidal distribution that is determined by the slope of the sigmoid function and the defocus peak only.Figure 5

### 2.4.3. Visual tasks {#sec2.4.3}

To minimize variations of the defocused retinal images processed by the visual system, subjects were asked to fixate steadily on the center of the display throughout the test. Because the subjects were young and trained optometry subjects with previous experience in psychophysics experiments, it was assumed that subjects could maintain steady fixation, to avoid the need for a gaze-contingent stimulation, and so changes in visual fixation were not tracked. At the beginning of the experiment, subjects were informed that they would observe binary noise images with different levels of blur. The subjects were asked to report the level of blur that was unacceptable \[[@bib33], [@bib34], [@bib35]\] by pressing the appropriate key. Some oral instructions were given to the subjects to highlight the criteria to be used: *Images with different levels of blur will appear on the screen. Whenever the alteration of the image clarity makes the image appear perceivably annoying or troublesome press the "arrow up" of the keyboard, otherwise press the "arrow down".* Subjects were encouraged to base their judgment on the overall image, rather than just on regions near the fixation point.

### 2.4.4. Blur generation {#sec2.4.4}

4K blurred images were computationally generated by convolution of the two-dimensional luminance profile of the binary noise and an isoplanatic point spread function (PSF) \[[@bib36]\]:$$PSF\left( {x,y} \right) = \left( {F\left\lbrack {g\left( {u,v} \right)} \right\rbrack} \right)^{2}$$$$g\left( {u,v} \right) = A\left( {u,v} \right)\text{exp}\left\lbrack {\frac{i2\pi}{\lambda}W\left( {u,v} \right)} \right\rbrack$$where $\lambda$ is the wavelength, *F* denotes the Fourier transform, $A\left( {u,v} \right)$ describes the pupil function, $W\left( {u,v} \right)$ refers to the wavefront aberration, which is described by a set of Zernike polynomials \[[@bib37]\]. In this study, the wavefront aberration was calculated from the Zernike defocus polynomials $Z_{2}^{\text{0}}$ only, as:$$Wdef\left( {u,v} \right) = c_{2}^{\text{0}}Z_{2}^{\text{0}}\left( {u,v} \right)$$

The amount of defocus $c_{2}^{\text{0}}$ used in the experiment, is expressed as \[[@bib38]\]:$$c_{2}^{\text{0}} = \frac{Mr^{2}}{4\sqrt{3}}$$where *M* is the spherical equivalent in diopters and *r* the radius of the simulated pupil.

The PSF was calculated for a 2 mm diameter pupil, assuming monochromatic aberrations only with a wavelength $\lambda$ = 550-nm. The pupil size was chosen to be sufficiently large to simulate the effect of blur, and minimize the computed size of the PSF matrix for the 15° viewing angle. For computational speed purposes, a set of defocused PSFs covering a range from 0 to 5D, by step of 0.05D, was used to pre-compute each image blur and load it just before the start of each visual test. Each blurred image was sorted into a set of annular isoplanatic blur images by applying annular masks at each eccentricity. The width of the annular masks was chosen to be smaller than the isoplanatic patch of the human eye, estimated to be about 2° \[[@bib1]\]. Blur image variations were generated by the superimposition of the discrete annular isoplanatic blur images associated with each blur level, which provided a simple and flexible solution for blur manipulations and fitting the time constraints of visual testing. A GeForce GTX980 graphics card driving the projector was used to display the stimuli generated on a PC computer using PsychToolbox routines in MatLab software \[[@bib39]\]. The binary stimulus (peak luminance: 15 cd/$m^{2}$; frame rate: 24 Hz; gamma: 2.2) was presented for a duration of 500 ms and interleaved by a green background for approximately 1.5 s.

### 2.4.5. Experimental testing {#sec2.4.5}

As shown in [Figure 6](#fig6){ref-type="fig"}, the experiment comprised two tests. In the first experiment, a local blur threshold measurement (Experiment 1) was performed via a "zonal blur". In the second experiment (Experiment 2), a global blur threshold measurement was tested via a "spatially-varying blur" binary stimulus. For both tests, the subjects participated in a training session to become familiarized with the task. The "zonal blur" binary stimulus consisted of an annulus image of about 1.5° of width displayed sequentially at five spatial locations. Consistent with the extent of the isoplanatic path of the human eye, this annulus contained only one blur level and was circumscribed by a green background. The "spatially-varying blur" consisted of an extended stimulus containing distinct levels of defocus that simulated the non-uniform retinal blur. The spatially-varying blur stimulus was split into 20 concentric rings (width = 0.375°), each displaying a single blur individually adjusted. A large number of superimposed annulus masks insured that the width of each blur level was sufficiently small to prevent noticeable, sharp blur transitions. Note that the spatially-varying blur stimulus stimulated the overall region covered by the five annuli combined together, and included the foveola, fovea, parafovea, and perifoveal regions. To simulate and study the visual effect of the increase in blur across eccentricities \[[@bib20]\]), retinal blur variations were modelled using different sigmoid functions:$$y = \frac{1/K \times E}{1/K - E + 1}$$where y is the normalized blur variation expressed in terms of the spherical equivalent; E is the eccentricity, and K determines the slope of the sigmoid function of the spatially-varying blur. Note that the distribution of blur $\left( {y^{'} = y \times a} \right)$ was assumed to be rotationally symmetric and depends only on two parameters, i.e., the K value and the defocus peak *a*, corresponding to the largest eccentricity (7.5°).Figure 64K blurry binary noise targets projected on to the retina by the MVS, and showing the variation in blur occurring at various retinal eccentricities for the spatially-varying blur (right panel) and the zonal blur (left panel), obtained for subject S5. Each blur zone subtends a width of 1.5° and was projected in different regions of the retina, highlighted by numbers and including the foveola (1), fovea (2), parafovea (3), and perifoveal (4) regions. K indicates the slope of the blur distribution. In this example, the threshold blur distribution of the spatially-varying blur exhibited a stronger blur in the fovea (with a narrower area of high contrast, color-coded as yellow) and a smaller peripheral blur (with a finer grain) for K = -1.9, as compared to K = -Inf. Note that for subject S5, the zonal blur threshold showed lower contrast (color-coded as blue) as compared to the spatial blur, indicating enhanced threshold tolerance to blur for the zonal condition. The color of the binary noise codes for the level of contrast in the image: regions with a high concentration of yellow spot corresponds to regions of low blur having high intensity signal (value = 255) whereas regions with a high concentration of blue spot correspond to regions of high blur. The darkest blue regions correspond to regions of the binary noise having no signal.Figure 6

### 2.4.6. Visual test {#sec2.4.6}

The tested K values (-0.8, -0.53, 1.1, 4.0, 16.7) were set to a fraction (1.5, 1.25, 0.75, 0.5, 0.25, respectively) of the total blur volume (area under the normalized sigmoid) of the linear blur *K* = 0). This range of K values was selected to cover a large range of blur variations. An interleaved staircase procedure (one-down one-up, convergence 50%) was used to control the blur levels of the binary noise. The staircase was initialized with start values, estimated in a pilot test using a stimulus with a parabolic blur distribution. The spherical equivalent M was used as a metric of perceived sharpness. During the local and global blur measurement, various annulus positions (outer eccentricities: 1.5, 3, 4.5, 6, and 7.5°) and various spatial blur profiles (slope *K*: -0.8, -0.53, 1.1, 4.0, 16.7), respectively, were randomly interleaved, and each adjustment changed the sharpness of the image by a fixed defocus amount of 0.15 D. In the global measurement, the incremental value was applied at the defocus peak, altering the set of peripheral defocus values (determined by the parameter K). For each condition, the raw data were fitted with a Gumbel function using a maximum likelihood criterion. The bothersome blur thresholds were estimated from the 63% correct point on the best-fitting Gumbel psychometric function. The standard errors of estimate were calculated with a bootstrap procedure, based on 1000 data sets simulated from the number of experimental trials at each level tested using the Palamedes toolbox \[[@bib40]\].

3. Results {#sec3}
==========

As expected from previous studies, [Figure 7](#fig7){ref-type="fig"} shows that, on average, zonal blur threshold is higher in the foveal region (E \< 3°) and increases with eccentricity beyond 3°, with a slope of variation that varies across subjects. The deviation of the bothersome blur between subjects was particularly pronounced for the more peripheral regions.Figure 7Bothersome blur threshold change for zonal blur: Bothersome blur threshold (D) measured as a function of annulus blur images centered at five eccentricities and having a field size of 1.5°. Each line represents the data of each of the five subjects. The thick grey curve represents changes in the average blur threshold of the five subjects. Error bars represent the standard errors.Figure 7

To visualize the impact of the slope of the blur distribution on the bothersome threshold, the magnitude of blur associated with each rings of the spatially varying blur (empty circle connected by a line) is plotted in [Figure 8](#fig8){ref-type="fig"}A for subject S1 as a function of K values, and compared with the local blur threshold (filled circle symbols) corresponding to the zonal blur measurement. Although the threshold profile derived from the spatially-varying blur profile at certain eccentricities was in close agreement with the local threshold obtained by measuring zonal blurs, the comparison of the zonal and global measurement shows that variation in the blur profile can modulate the impact of blur at a given eccentricity by rising or decreasing the local bothersome threshold. The difference in threshold in [Figure 8](#fig8){ref-type="fig"}A between the spatially-varying blur and zonal blur is replotted in [Figure 8](#fig8){ref-type="fig"}B by subtracting the zonal threshold and the average threshold of the spatially varying blur, which was integrated over the five rings associated with a given zonal blur.Figure 8(A) Effect of blur variation for the spatially-varying blur image: Bothersome blur threshold measured in subject S1 for various sigmoid blur profiles K as a function of eccentricities. The open symbols connected with fine lines correspond to the fixed blur applied within each annular ring of the spatially-varying blur, whereas the filled symbols represent the localized bothersome blur threshold measurement shown in [Figure 7](#fig7){ref-type="fig"}. When the curve is above the filled symbol at a given eccentricity, the amount of blur tolerated at that location is higher in the presence of a compound blur. (B) Graph vector and (C) heat map plot of the corresponding threshold difference between spatially-varying blur and zonal blur over a given zonal eccentricity as a function of the K number of the sigmoid blur profile for the same subject. The calculated bothersome blur threshold of the spatially-varying blur at a given zonal eccentricity is the average blur of the threshold values under that spatial zone.Figure 8

A two-way repeated measures analysis of variance (RANOVA) test (Eccentricity: 0.75°, 2.25°, 3.75°, 5.25°, 6.75°; K value: -0.8, -0.53, 1.1, 4.0, 16.7) on the threshold differences between zonal and spatially-varying blur was conducted using SPSS Statistics for Windows Version 25 (IBM SPSS Statistics for Windows, IBM Corporation, Armonk, NY). It revealed a significant main effect of blur distribution profile (determined by the K value) on threshold variation (F (5,20) = 14.406, p = .000,$\eta$ = .783). A significant interaction was also found between the effects of eccentricity and K values (F (20,80) = 28.363, p = .000,$\eta$ = .876), suggesting that the modulation of the zonal bothersome blur by blur distribution profile was affected by eccentricity. Summarized in [Figure 9](#fig9){ref-type="fig"}, the simple main effects performed with Bonferroni correction shows a differential effect of blur distribution and eccentricity on modulation of the bothersome threshold. In particular, the spatially-varying blur profile corresponding to K = 16.7 produced significantly more modulations of the bothersome blur (i.e., difference between zonal and spatially-varying blur threshold) than blur distribution with lower K values. This differential effect of blur distribution was systematic for blur with K values 1.1 and 4.0 respectively. This shows that the rate of variation of blur in the periphery matters in the perception of blur thresholds. Rapid variation in the near periphery (K = 16.7) tended to cause a larger discrepancy between zonal and global bothersome blur, with a lower blur threshold for global blur. On the contrary, at low K value and high eccentricities, the direction of modulation of the zonal bothersome by the spatially varying blur varied with subjects. We also observed a significant difference in blur threshold between the eccentricities 6.75° and 5.25° for spatially-varying blurs having a large rate of variation in the periphery K = 4.0 (mean difference = .878 ± .125, p = 0.022) and K = 16.7 (mean difference = 1.151 ± .177, p = 0.029) respectively. Overall, this indicates that the characteristic of the global blur can alter blur perception.Figure 9(A) Graph vector and (B) heat map plot of the estimated mean threshold differences between spatially-varying blur and zonal blur as a function of zonal eccentricity and the K number of the sigmoid blur profile for five subjects. The black and red color numbers represent the column number of K values and the row number of the eccentricities. Black color numbers indicate a statistically significant threshold difference between the blur profile of the labelled pixel and the indexed blur profile at a given eccentricity. The red numbers indicate a statistically significant blur difference between the eccentricity of the labelled pixel and the indexed eccentricity.Figure 9

4. Discussion {#sec4}
=============

This study demonstrated that it is possible to achieve a wide-angle (macula) diffraction limited image by adjustment of an optical artificial pupil, with minimal penalty on the range of normal vision (i.e., 20/20 vision). This finding extends previous investigations showing the relevance of a small pupil for simulating \[[@bib41]\] and minimizing the visual effect of blur \[[@bib42], [@bib43], [@bib44]\] on axis. While the small pupil solution is a powerful approach to flexibly test the visual effect of degradation across the macula visual field, it must be noted that it cannot fully replicate the aberrations of the human eye \[[@bib45]\]. This is particularly true for the higher-order aberrations prevailing for large pupil size, although those fine aberrations exhibit generally a reduced visual effect off-axis. In addition, reduction of the amount of light and contrast can restrict visual assessment in free-viewing conditions using a pinhole in front of the eye. However, the present approach could provide a unique and simple solution for extending the retinal extent over which images can be considered diffraction-limited.

By testing blur perception independent of individual ocular aberrations, it was revealed that the characteristics of the blur in peripheral regions, rather than just on the blur within an isolated region (central or peripheral), can play a role in the bothersome blur threshold. More specifically, it was observed that the rate of blur change in the periphery could modulate the bothersome blur within a certain region of the retina. In the case of PALs, it is thus plausible that when looking along the corridor of the lens, the characteristics of the peripheral blur distribution (e.g., gradient of blur) in PALs can impair or increase the amount of blur that is perceived as bothersome by wearers. The measurement of peripheral blur perception in PALs may thus help to optimize lens design for personalized correction.

Minimizing unacceptable blur is imperative for the acceptance of PALs by patients. Although neurosensory measures, such as blur detection thresholds \[[@bib46]\]), can estimate the impact of blur, not all indicate what is the maximum amount of blur induced by an ophthalmic correction that can be accepted by subjects, without invoking a sensation of annoyance or affecting performance. A distinctive aspect of the bothersome blur measure is that it does not just require a report of a change in clarity, but also some judgment about the effect of blur, as discussed by Ciuffreda et al \[[@bib35]\]. Thus, when distributing the overall blur over the PAL surface, the bothersome blur threshold could be of relevance to determine the maximum amount of blur that can be induced in each lens region without presumably impairing performance. The relationship between foveal blur tolerance and personality shown by Woods et al \[[@bib47]\] however suggests that an optimal choice among PALs might vary between patients, making personalized PALs potentially interesting for matching patients' individual needs.

There are some limitations of the visual test. One of the limitations comes from the assumption that the visual system is circularly symmetric in its blur perception. However, it is shown that the visual system exhibits both optical and neural anisotropies \[[@bib11]\], which could restrict the validity of such an assumption. It is also possible that the aberrations of the eye the visual system adapts to \[[@bib48]\] could have influenced our measurement, and so the combined effects of blur gradient and blur asymmetry need to be accounted for. A second limitation comes from the choice of stimulus. While the use of a binary stimulus allowed fine control of the homogeneity of the image across each position of the visual field, this stimulus strongly differed by its edge structure from natural stimuli present in our environment. In particular, the falloff of the amplitude spectrum with frequency was steeper for the binary stimulus (with a slope of about -2.01) than natural visual scenes \[[@bib49], [@bib50]\], which have a slope of about -1. Considering that the visual system may be adapted to the "1/F" amplitude spectra of natural scenes \[[@bib51]\], it is possible that the response of the visual system to blur for natural scenes differs for artificial stimuli and requires further investigations.

5. Conclusion {#sec5}
=============

In conclusion, the effect of peripheral blurs on blur perception independent of individual ocular aberrations was investigated. This study showed that the surrounding blur not only alters the bothersome blur threshold, but also its complex spatial distribution. A general implication of the findings is that the visual extent over which blur matters is not limited just to the foveal central vision, suggesting that an optimal correction for central vision might not be optimal in terms of global vision, but may depend on the characteristic of the overall blur.
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